Abstract Using hydrogeochemical analysis of two large boreal rivers (pristine Kalix and hydropower regulated Lule) discharging into the Gulf of Bothnia, the major impacts of regulation on water discharge, element transport and their seasonal redistribution have been assessed. The pre-regulation hydrogeochemical features were assumed to be similar for the two rivers. For the Lule River, the average maximum runoff was almost halved, while the average minimum was tripled as a result of the regulation. The fraction of winter transport of total organic carbon (TOC), Fe, Si, suspended Mn and P in the Lule River was, according to a conservative estimate, two to three times higher than in the pristine river. Longer residence time in the Lule River delayed arrival of the suspended Mn peak and dissolved Si decline to the river mouth. During summer, the suspended C/N ratio in the regulated river was 10-20 compared to \10 for the pristine, suggesting presence of predominantly old organic material. This was supported by a virtually constant suspended P/Fe ratio throughout the year in the Lule River, indicating low abundance of phytoplankton. TOC varied irregularly in the Lule River suggesting temporal disconnection between the river and the upper riparian zone. The disappearance of the spring flow maximum, a shift of element transport from spring to winter and supply of mainly old organic material during the vegetation growth season may have a pronounced impact on the ecosystem of the Gulf of Bothnia and the river itself.
Introduction
Hydropower has for many years been considered a green source of energy (Abbasi and Abbasi 2011) . However, negative effects of river regulation on aquatic and terrestrial ecosystems are becoming evident (Renöfält et al. 2010) . Surface water regulation raises general environmental issues such as flow transformations (Koch 2002) , riverbed modification, intense sedimentation in the reservoirs (Osmundson et al. 2002) and harmful effects on aquatic and riparian ecosystems (Jansson et al. 2000) .
Although the effect of hydropower regulation on the river flow regimes is well documented, studies on changes of dissolved and particulate major and trace element transport are few. Assessment of spatial and temporal geochemical variations in regulated rivers has been performed in the large Tibetan rivers (Huang et al. 2009 ), in boreal rivers of Canada (Rondeau et al. 2005) and Scandinavia (Brydsten et al. 1990 ). However, diverse effects of hydropower regulation on the river element transport are still poorly understood .
Nearly all major rivers in Scandinavia are regulated for hydropower purposes (Dynesius and Nilsson 1994) . The Lule River is the largest regulated river in Northern Europe in terms of produced energy. The hydrology, geochemistry and ecology of the river were studied previously, exemplifying the effects of hydropower on a variety of natural processes (Carlsson and Sanner 1995; Jansson et al. 2000; Jonsson and Wörman 2005) .
The silicon transport from the headwaters (the upstream mountainous areas mainly above the tree line, 800 m.a.s.l.) was found to be lower in the Lule than in the neighboring pristine Kalix River, despite higher specific discharge of the former (around 20 %), and similar geological and climatological conditions in both catchments (Humborg et al. 2002; Humborg et al. 2006 ). This confirmed earlier results by Brydsten et al. (1990) and Conley et al. (2000) , who independently compared outlet Si concentrations of regulated and unregulated rivers in Scandinavia and attributed the changes in regulated rivers to sedimentation in reservoirs, promoted diatom growth and decreased erosion due to the smoothed discharge pattern. Construction of large reservoirs in the Lule River inundated thousands of hectares of productive riparian forests and wetlands adjacent to the former river channel (Carlsson and Sanner 1994) , and this was considered one of the dominant factors affecting the riverine transport of Si and TOC (Smedberg et al. 2009) . A reconstruction of pre-regulation conditions in the Lule River using a deterministic model showed both smoothing of nutrient loads throughout the year and a 25 % reduction of total silicon fluxes in the dammed versus undammed scenario (Sferratore et al. 2008) .
The current paper extends previous knowledge about transport of mainly Si and TOC in the regulated Lule and pristine Kalix Rivers to other nutrients and trace metals. We show that transport of major chemical constituents has shifted from spring, for pre-regulation conditions, to winter after regulation, with far-reaching impact on riverine geochemistry.
Study Area
Starting in the Caledonides in northern Sweden, the Lule River flows southeastwards into the Gulf of Bothnia in the Baltic Sea (Fig. 1) . It has two branches, the Big and the Little Lule Rivers, which merge approximately 120-km upstream of the river mouth. Located toward the northeast, the catchment of Kalix River, one of the last large pristine rivers in Europe, is used as a reference in this study.
Climate and Topography
The climate is boreal subarctic, with hardly any permafrost. Monthly average temperatures are similar in the catchments and range from -15°C in January to ?14°C in July (Raab and Vedin 1995) . The Lule River is ice-covered from December to April, while the Kalix River freezes several weeks earlier and remains frozen slightly longer. Rainfall within both catchments gradually decreases from the Caledonides toward the Gulf of Bothnia, on average from 1,500 to 400 mm year -1 (Carlsson and Sanner 1994) . The evapotranspiration rate averages between 100 and 300 mm year -1 with higher rates toward the Gulf (Destouni et al. 2012) . Approximately 50 % of the annual precipitation falls as snow; thus, the major hydrological event within both catchments is the spring snowmelt (Ingri et al. 2005) . The Lule River watershed is slightly steeper than the pristine one. A quarter of the regulated catchment and 10 % of the pristine is situated above the tree line where mean annual precipitation exceeds 1,000 mm (Sferratore et al. 2008 ).
Geology
The northwestern part of both catchments is located in the 0.4-Ga-old Caledonides, where the bedrock is dominated by schist, quartzite and amphibolite with minor intercalations of dolomite and limestone. The 1.8-1.9-Ga-old Precambrian basement east of the Caledonides covers most of the catchment and consists mainly of volcanic and plutonic rocks (Gaal and Gorbatschev 1987) . In upstream parts of the Lule River, intercalations of marble occur (Kulling 1982) , while sparse dolomite and limestone outcrop in the vicinity of Torneträsk in the Kalix River catchment. No major differences were observed between the bedrock types of the two catchments with respect to their chemical influence on water composition (Humborg et al. 2004 (Humborg et al. , 2006 . The quaternary sediments are mainly composed of till with well-developed podzol profiles (Fromm 1965) . 
Vegetation and Land Cover
Both rivers are located in the boreal zone with predominant taiga-type vegetation (deciduous shrub) in the upstream part and mainly coniferous and birch forests in the downstream woodland area. Forests cover 48 % and wetlands 14 % of the Lule River catchment with slightly higher percentages for the Kalix River (Table 1) . The headwaters are sparsely vegetated and covered with thin soils. For the Lule River, part of the biologically highly productive headwater areas covered by wetlands (11 %) and deciduous forests (37 %) became inundated or bypassed as a result of the regulation. These areas constituted 3 % (Humborg et al. 2002; Smedberg et al. 2009 ) to 1.5 % (Carlsson and Sanner 1994) of the total catchment area.
Hydrology
The major human impact on the hydrological cycle of the Lule River is obstruction of the flow by dams, which reduces the spring peaks and increases the winter flow. Large reservoirs are located in the upper section of the river, while reservoirs closer to the Gulf of Bothnia are comparably small (Forsgren 1990 ). The degree of regulation (i.e., the portion of the annual runoff that can be stored in the reservoirs) is more than 70 % (Fig. 2) , and the residence times in the reservoirs vary from less than a day to almost a year. The 25,300-km 2 Lule River catchment has a mean annual discharge of around 500 m 3 s -1 (Table 1) . The Kalix River receives around 57 % of its water through the Tärendö bifurcation from the pristine Torne River (Fig. 1) . The area of the combined catchment is approximately 23,600 km 2 , and the mean annual discharge is slightly above 300 m 3 s -1 . Before the regulation natural lakes covered about 4 and 6 % of Kalix and Lule River catchments, respectively (Table 1) . After the regulation of the Lule River, the total lake fraction (including reservoirs) increased to 10 %. Of the remaining 4 % natural lakes, more Smedberg et al. (2009) ; f The studied years covered 14 months, and the annual average discharge was determined using the averages for the initial and last two months than half are located upstream of the headwater reservoirs (Carlsson and Sanner 1994; Vattenweb) .
Both rivers are thus fairly similar with respect to their original hydrological, meteorological, land-use, vegetation and geological characteristics (even if the precipitation and thus the runoff of the Lule River are larger) and are therefore suitable for comparison.
Materials and Methods

Runoff
Runoff data were used to: (a) assess long-term trends for the rivers; (b) seasonal differences in flow pattern between them; (c) differences between the average year and the years with geochemical observations; and (d) differences between pre-and post-regulation for the Lule River (Vattenweb). For (a), data from Räktfors (Kalix River) and from Boden power station (Lule River) during 1937-2010 were used; for (b)-(d), 20 years of measurements (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) from the river mouths were used together with pre-regulation modeled data for the Lule River (Vattenweb).
Sampling
The seasonal variations of the geochemical parameters in the Lule River were studied at Boden power station, and in the Kalix River at Kamlunge, both located approximately 30 km from the mouth (Fig. 1) . Annual geochemical cycles were investigated from May 2000 to June 2001 in the Lule River (Collomp 2001; Drugge 2003) and from May 1991 to June 1992 in the Kalix River (Ingri 1996a; Ingri et al. 2005) . Thus, the sampling programs in the two rivers covered a complete annual cycle (14 months). Sampling was performed weekly during the spring flood period (May-June) and biweekly during the rest of the year. Dissolved constituents were collected after filtration performed in the field, with two filters mounted in parallel (Millipore filters with a diameter of 142 mm and a pore size of 0.22 lm in the Lule River and 0.45 lm in the Kalix River, locked in Geotech polycarbonate filter holders). The samples for dissolved constituents were collected in acid-leached polyethylene bottles before filter clogging and conserved with suprapur HNO 3 . (Forsgren 1990) Aquat Geochem (2014) 20:59-80 63 3.3 Geochemical Analytical Methods
Temperature, pH, electrical conductivity and dissolved oxygen (DO) were measured in situ with a Hydrolab Surveyor II water quality probe. Major dissolved elements (Ca, Mg, Na, K) and S were analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). High-resolution inductively coupled plasma-mass spectrometry (HR-ICP-MS) was used for all other elements. Concentrations of Cl, NO 3 , NH 4 and PO 4 were determined by ion chromatography. For suspended major elements, two filters with the suspended fraction of the river water ([0.22 lm for the Lule River and [0.45 lm for the Kalix River) were wet-ashed in concentrated suprapur HNO 3 in platinum crucibles at 75°C and then dry-ashed at 550°C. The ashed inorganic matter was weighed with a precision of ±10 % and fused with lithium metaborate in graphite crucibles at 1,000°C. The formed beads were dissolved in 10 % suprapur HNO 3 (Burman et al. 1978) , and Si, Fe, Mn and P were then determined by ICP-AES. The same procedures were applied to blanks in order to detect any contamination. Blank values for the sampling period in the Lule River were always\5 % of the measured concentrations. Analytical errors were \10 % expressed as standard deviation (EPA 200.7 and EPA 200.8) .
Samples (12.5 mL) for total organic carbon (TOC) collected in Falcon plastic tubes were acidified with 100 lL 2 M HCl and subsequently analyzed using a Shimadzu TOC-5000 high-temperature combustion instrument. For particulate organic carbon (POC), 25-mm glass microfiber filters (Whatman GF/F, pore size 0.7 lm) mounted in a stainless steel filter holder were used. Analyses for POC were performed with a Carlo Erba 1108 high-temperature combustion elemental analyzer at a temperature of 1,030°C.
Normalization
Normalization based on elemental or flow ratios is a common technique to interpret geochemical data (Harned et al. 1981; Rollinson 1993; Medalie et al. 2012) . Normalization is often applied in aquatic geochemistry to discriminate between variations caused by, e.g., discharge and temperature, and those of geochemical origin (Ingri 1996b; Peinerud et al. 2001; Ingri et al. 2005) . Filzmoser et al. (2009) and others have noticed that the use of raw data or elemental ratios is associated with the issues of closeness of data and tight interrelation of the variables. They suggest that interpretation of environmental (compositional) data with minimum bias requires transformation and application of multivariate techniques. Compositional information is relative because it has units that are part of a whole, sum up to a constant and form so-called closed data (Chayes 1971) . Transformation opens the data and allows for distinguishing specific processes otherwise hidden behind false correlations (Kucera and Malmgren 1998 ).
Current dataset was tested for normality using raw concentrations and two transformation techniques (center logratio transform and normalization using elemental ratios). This has shown that the data are only normally distributed when normalized. Neither raw concentrations nor center logratio transform achieved normality of the data which is essential in multivariate techniques (see below). Additionally normalization technique applied to these boreal rivers is a well-tested method to look into river water quality data (Ingri 1996b; Ingri et al. 2005; Land et al. 2000) .
Filtered Phase
To avoid dilution effects that may complicate the interpretation of processes in river catchments, normalization with Mg can be used (Ingri 1996b ). Dissolved Mg is mainly a product of silicate weathering and is assumed to be hydrogeochemically conservative in the studied environment (Ingri et al. 2005) . Fairly uniform levels of Mg are also maintained due to its low biological demand compared to availability in natural waters (Pontér et al. 1992 ). Thus, Mg-normalization was applied to show temporal variations in the dissolved (filtered) phase not related to dilution effects.
Suspended Phase
Suspended matter in rivers is a mixture of detrital particles, organic matter and authigenic phases (e.g., Fe-Mn oxyhydroxides). Both rivers showed a strong linear correlation between suspended concentrations of Al and Ti. The Al/Ti ratio (0.063) was close to the one for local till (0.079, Ö hlander et al. 1991) and for ''average particulate world river'' (0.06, Martin and Whitfield 1983) , indicating that these elements reflect the detrital phase. In this study, Al is therefore used as a normalizing element for the suspended phase.
Transport Calculations
River transport was estimated as concentrations multiplied by the river discharge for the same period. Monthly transport was derived by averaging sampling occasions during respective months, where equal weights were assigned for each sample. Total transport is the sum of all months during the sampling period. Seasonal transport was calculated based on subdivision of a year as follows: spring was assigned for May-June, summer-July through October, winter-November through April. Note that hereafter autumn months are merged with summer. Specific transport was derived as the total transport divided by the catchment area.
Data Analysis
Hydrological and geochemical data were processed using Mann-Whitney nonparametric two-sample rank test to compare medians of the sample populations and calculate corresponding confidence intervals. The two datasets were independent, random and assumed having equal variances (Mann and Whitney 1947; Wilcoxon 1945) . This test was chosen due its robustness, and the fact that the spacing between the values of geochemical data could not be assumed constant. This testing showed statistical difference between most of the geochemical time series from the two rivers (Table 2) .
Multi-dimensional, systematic variation of data can be displayed using principal component analysis (PCA), which is a multivariate projection method. The input data, raw concentrations, center logratio (clr) transformation and element-normalized values were first tested for normality. The test showed that the normalized data were normally distributed in contrast to untransformed or clr-transformed data and thus were used as an input for PCA. The input was monthly averaged prior to the analysis, and in total, 20 parameters were analyzed, 10 for each river. Principal components that had eigenvalues larger than 1 and parameters that had loadings larger than 0.2 were taken into consideration. In a first step, PCA was run to obtain loadings for the geochemical variables (elemental ratios). The input was then regrouped, so each variable was represented by two subsets of data, one from Kalix followed by the one from Lule, arranged chronologically. This input was used in a second step when PCA was run to receive time-dependent geochemical trends for the two rivers.
Results and Discussion
Discharge Alterations by Regulation
The flow pattern for the Lule River has been severely altered by the regulation; water from snow melt is stored in the reservoirs and later released, thus cutting the flow peaks and raising the low flows. The Kalix River has remained undisturbed (Fig. 2) . The highest and the average annual maximum fluxes (based on daily average) were almost halved, while the lowest and the average annual minimum were about 2.5 times higher than prior to the regulation (Table 3 ). The ratio between fluxes during spring snow melt (May-June) and during the rest of the year for the Kalix River was almost 3.0, and for the Lule River, it changed from around 1.8 before (modeled) to around 1.4 after the regulation (Table 4) . CI confidence interval, n number of samples, Q discharge, L Lule River, K Kalix River Unfortunately, measurements from the two rivers were not available from the same year, making a direct comparison between the transport of nutrients and metals complicated. However, if the two compared years are ''typical'' years in terms of hydrology, such a comparison can be justified.
For the Kalix River, the average flux for the studied period was about normal (?5 %) ( Fig. 3 ; Table 4 ). The flux for October-November was, however, outside of the confidence interval and was 60-70 % higher than normal. For the Lule River, the monthly average flux for the studied period was 15 % above the 20-year average and May-June exceeded it by 20 %. Modeled pre-regulation discharge of the Lule River was significantly higher ( Fig. 3 ; Table 2) in July-August and lower in December-April than the 20-year average.
The fact that the winter flux for the Kalix River and the spring flux for the Lule River were higher than normal during the studied years is likely to lead to underestimation of seasonal differences in nutrient and metal transport in the two rivers. In the following, the paper is focused on seasonal geochemical differences between the rivers.
Electrical Conductivity, pH, DO and Temperature
Electrical conductivity in the Kalix River followed a natural pattern reaching its peak right before the snowmelt (Fig. 4a) . Groundwater, the primary source of water for the river in winter, is rich in dissolved constituents and thus contributes to the high electrical conductivity during winter. The Lule River had overall lower conductivities and showed no distinct seasonal pattern. Lower electrical conductivity values in the Lule River were mainly the result of a greater proportion of surface runoff, which diluted the groundwater component.
In the Kalix River, pH was close to neutral throughout the year except for the drop during spring flood (pH *6.5) and the summer maximum (pH *7.3). Organic acids that flush from the mires and the riparian zone during snowmelt are responsible for the pH decrease in spring (Ingri 1996a ). In the Lule River, no obvious trend existed and pH ranged between 6.5 and 8.0 (Fig. 4b) , probably due to an inhibited flush from the riparian zone after snowmelt. (1991) (1992) Dissolved oxygen was depleted (85-95 % saturation) in both rivers during the winter flow. Summer saturation exceeding 100 % in the Lule River was likely to reflect intense primary production in reservoirs (Fig. 4c) .
Temperature in the Kalix River reached a maximum in July (19°C) and was close to 0°C during November-April (Fig. 4d) . The same general trend was seen in the Lule River. Although there was no statistical difference between the river temperatures (95 % CI), the Lule River was slightly warmer during winter and cooler during summer. This can be related to the fact that all spring and summer discharge is stored in the upstream reservoirs on the Lule River which makes proportion of the cool groundwater inflow in the river discharge larger than if the river was unregulated. Reduced annual temperature amplitude in reservoirs could potentially also affect the river water temperature ( Table 2) . Modeling of temperature development in the largest upstream reservoir of the Lule River showed that regulation favored water temperature increase by 1-2°C compared to unregulated scenario (Sahlberg 2003) . This, however, has no effect on the downstream water temperature as summer discharge is dominated by the woodland part of the catchment where reservoirs are small.
Principal Component Analysis of Dissolved and Suspended Normalized Concentrations
Normalized element/Mg and element/Al ratios for the dissolved and suspended phase, respectively, were first analyzed using PCA. The first three resultant components were sufficient to describe 88 % of the total data variance. Individual variance explained by the components was 54.7 % by PC1, 21.0 % by PC2 and 12.0 % by PC3 (Table 5 ; Fig. 5 ). PC1, which explained 54.7 % of the data variance, was characterized similarly in both rivers (Table 5 ; Fig. 5 ) with the exception of high negative loadings of Si/Mg and moderate positive of Mn/Al and Si/Al in the Lule River. Opposed behavior of Fe in two phases and similar trends of dissolved Fe, Al and Mn are usually indicators of spring discharge in boreal rivers (Ingri et al. 2005) . Hence, respective loadings of these elements suggest that PC1 reflected mainly spring processes. PC2 explained 21.0 % of the total data variance and showed high positive loadings of Si/Mg, Fe/Al, P/Al, opposed by negative TOC, Mn/Al and Si/Al for the Kalix River. Thus, the component reflected processes during the growing season with high consumption of dissolved Si and production of suspended Si due to diatom activity, and an increase in suspended Mn. Except for Mn/Al, most of the variables in the Lule River showed low significance within this component. PC3 (12.0 % of the data variance) showed TOC negatively correlated with suspended Fe and Mn, which is common during autumn rain events. In the Lule River, the only correlated variables were TOC opposed by Mn/Al and Si/Al, with no pronounced correlation for the rest of the variables.
All PCs showed sufficient differences between the rivers except for PC1 indicating similar geochemical patterns in the two rivers during a spring flood, which was related to the increased spring discharge in the Lule River compared to the average year.
The same dataset was further regrouped so that each variable (e.g., Fe/Mg) was represented by the data from both rivers. In this way, seasonal changes in water geochemistry of the two rivers could be distinguished. The resulting plot for PC1 and PC2 (together explaining 67.5 %) showed that the geochemical composition of the Kalix River water during snowmelt in May was very similar between the two measurement years (Fig. 5) . The time trend for the unregulated river was formed by two loops representing the icecovered and ice-free period, respectively. The curve for the Kalix River stretched over the entire space of the plot showing distinct geochemical signatures during different seasons, whereas the curve for the Lule River was positioned above the x-axis, thus exclusively describing the positive loadings of PC2. Summer and winter months for the regulated Lule River were located close to each other on the diagram suggesting similar geochemical behavior during these two periods. Spring flood in May was separated from the rest of the data, although not as distinctly as that for the Kalix River.
Major Dissolved Elements
In general, median concentrations of dissolved constituents in the Lule River were lower than in the Kalix River, which is consistent with the lower electrical conductivity (Fig. 4a ). PC2 21.0% In the Kalix River, most of the dissolved concentrations such as Ca, Na, K, S, Mg and Si were diluted during the spring melt, with maximum levels of elements occurring during winter base flow (Fig. 6a) . In contrast, concentrations in the Lule River showed much less seasonal variation. Iron and Mn peaked simultaneously with the increased autumn discharge and spring and autumn lake turnover in both catchments. While Mn showed fairly similar concentrations in both rivers, Fe was significantly lower in the regulated river (Fig. 6b) .
The Si/Mg ratio increased during spring flood in the Kalix River due to inflow of Sienriched woodland water (Ingri 1996a; Engström et al. 2010 ). This increase was also visible in the Lule River during the maximum discharge (Fig. 7a) , indicating that processes downstream of the large reservoirs are similar to those in the pristine river, which agrees with the results of PCA. The summer season showed, however, a late depletion in the Si/Mg ratio related to longer residence time in reservoirs of the Lule River.
The rise in the Si/Mg ratio in both rivers in late autumn related to diatom degradation was lower in the regulated river (Fig. 7a) , as was also shown by Sferratore et al. (2008) . A relatively constant Si/Mg ratio in the Kalix River during winter resulted from groundwater inflow, with weathering as the main source of Si. This was confirmed by enrichment in heavier Si isotopes derived from non-biogenic sources (Engström et al. 2010 ). In the regulated river, the Si/Mg ratio oscillated during winter suggesting that the river discharge was dominated by water from both biogenic (late autumn) and non-biogenic (winter) sources, i.e., derived from different seasons.
The Fe/Mg ratio (Fig. 7b ) was generally lower in the regulated river. Peaks of Fe/Mg occurred in the two catchments during the spring flood, although they were less (1991) (1992) Aquat Geochem (2014) 20:59-80 71 pronounced in the Lule River. The major source of dissolved Fe during winter flow is oxygen-deficient groundwater. Thus, the Fe concentration was lower in the Lule River due to mixing with a larger portion of surface water resulting in dilution (Figs. 6b, 7b ). Lower dissolved Fe concentrations might also be caused by precipitation of Fe-oxyhydroxides. The Mn/Mg ratio showed double maxima during spring in both rivers, indicating flushing of Mn from the woodland mires (Pontér et al. 1992; Ingri 1996a) , and formation of a colloidal fraction with Fe carriers prior to the spring flood (Ingri et al. 2005 ) and organicrich colloidal matter from the topsoil during the spring flood (Dahlqvist et al. 2007 ). Summer and autumn peaks of dissolved Mn occurred in both rivers and were attributed to the turnover of lakes, when dissolved Mn from bottom waters was redistributed in the water column. The slightly larger portion of lakes in the Lule River catchment would suggest a stronger Mn/Mg peak during autumn, which in fact showed no difference (Tables 2, 4) .
Aluminum, a product of silicate weathering, similar l to Mn, forms colloids with both Fe and C carrier phases, and the main trend for the Al/Mg ratio was similar in both rivers. The multiple peaks in Al/Mg ratio in the Lule River in June were related to the discharge of the Fe-rich water and corresponded to a single peak in the Kalix River during May. The irregularity of Al/Mg in the Lule River suggests effects of regulated discharge, although nonparametric statistical analysis failed to show that Al/Mg ratios in the two rivers were different ( Table 2) .
As indicated above, the geochemistry of the rivers is strongly related to the origin of the recharge waters. Two main geochemically distinct water sources can be distinguished in the catchments-the woodland and the mountainous (Caledonian) regions. The former is dominated by wetlands, coniferous forests and peat cover, and has a high Si/Mg and a low Ca/Mg ratio. The latter is dominated by bare rock, till above the tree line, lakes and carbonate rocks, resulting in lower Si/Mg and higher Ca/Mg ratio (Ingri 1996a; Humborg et al. 2004 ).
In the Kalix River, the spring and summer waters were characterized by woodland and mountain signatures, respectively, while both ratios (Si/Mg and Ca/Mg) were relatively high during winter (Fig. 8) (Ingri et al. 2005; Engström et al. 2010) .
In the Lule River, the water composition varied strongly within each season and the largest spread was found during summer due to water discharge from different hydrological compartments (Fig. 8) . Still, a pronounced input of mountain water was noticeable due to the larger fraction of headwater areas (Fig. 1) . Analysis of the dissolved phase data suggested that the differing filter pore sizes in the two studied rivers did not affect the filtrate concentrations of the major elements. Filtrate collected from the Kalix River (\0.45 lm) could have incorporated more colloidal particles of Al, Fe and Mn than that in the Lule River (\0.22 lm) . The elevated content of Al, Fe and Mn in the filtered samples is governed by a colloidal carrier phase that varies depending on the season (Dahlqvist et al. 2007 ). Since complexation of Al is as favorable as that for Fe, and much higher than that of Mn, we expect Al/Mg in the Lule River to be lower than in the Kalix River and mimic the behavior of the Fe/Mg ratio. The Al/Mg ratios were, however, similar, suggesting that the colloidal fraction is comparable for the filtered phase of both rivers. The same reasoning is valid for the particulate phase.
Particulate Fe, P, Mn and Si
There was a marked difference between temporal variations of the suspended Fe/Al ratio in the two rivers (Fig. 9a) . In the Kalix River, there was an increase in suspended Fe during winter when the river was fed by anoxic groundwater precipitating Fe-oxyhydroxides (Ingri et al. 1997) . For the Lule River, a large proportion of winter runoff diluted the groundwater and the suspended Fe/Al ratio did not show any marked seasonal variations (Fig. 9a) .
The suspended P/Al ratio for both rivers decreased during spring flood and peaked in February to April. The average P/Al ratio in the Kalix River was twice as high as that in the regulated Lule River and was highly correlated with the Fe/Al ratio (Kalix: R 2 = 0.90; Aquat Geochem (2014) 20:59-80 73 Lule: R 2 = 0.88), suggesting adsorption of phosphorus on Fe-oxyhydroxides (Ingri and Widerlund 1994) . In both rivers, portion of particulate P and Fe in total suspended matter were low during spring flood and high during winter (Fig. 9c) . Elevated P values during summer indicated plankton growth in the Kalix River. This was not observed in the Lule River due to possible retention of large portion of summer runoff in the large upstream reservoirs, straightened channel downstream and therefore restricted primary production. High correlation of TOC and suspended P in the Kalix River (Fig. 9b) suggests their common flow path and possibly shared origin, and thus riparian zones as potential key source of P (Withers and Jarvie 2008) . This relation was less pronounced in the Lule River except for the beginning of spring suggesting alterations of P cycling during the rest of the year by the presence of large reservoirs and extended residence time. High concentrations of P associated with Fe-oxyhydroxides in the sediment cores from the Stora Lulevatten reservoir suggest phosphorous trapping in large upstream reservoirs which also agrees with mass balance calculations indicating large retention rates of phosphorous in the Lule River (Drugge 2003) . The top layer of the cores was composed of Mn-oxides preventing return flux of P into the water column and thus transport downstream.
The seasonal variations in the suspended Mn/Al ratio were rather similar in both rivers, with a lower summer peak for the Lule River. Variation of Mn in natural waters is temperature dependent (Fig. 10a) , and the phase shift between filtered and suspended Mn is related to precipitation of Mn oxyhydroxides catalyzed by Mn-oxidizing bacteria (Pontér et al. 1992 ). There was, however, a time delay of approximately 1 month between the maxima of temperature and suspended Mn/Al ratio, which corresponds to the average water residence time in the Lule River [27 days; calculations based on Drugge (2003) and Forsgren (1990) ]. There was no delay between temperature and Mn/Al peaks observed in the unregulated Kalix River (Ingri 1996a) .
Diatom growth during summer usually results in increase in suspended and decrease in filtered Si concentrations (Humborg et al. 2006) , and these changes between phases were visible in both rivers (Fig. 10b, c) despite that PCA showed low correlation between Si in the two rivers. The maximum in the Lule River occurred in September, while that in the Kalix River lasted from July to mid-September.
Organic Carbon and Nitrogen
Total organic carbon is usually the major component in boreal rivers, with the dissolved fraction being dominant (Pekka et al. 2004; Ingri et al. 2005) . Small stream catchments are usually organic-rich in their upper hyporheic zones and contribute TOC at high groundwater levels during spring and autumn floods Lyon et al. 2011) . A similar pattern was found in the Kalix River, with clear TOC peaks in spring and autumn. Changed seasonal and diurnal flow pattern in the Lule River periodically enhances and reduces fluxes from riparian soils to the river. This modification of riparian processes (Humborg et al. 2002 (Humborg et al. , 2004 results in the irregular TOC pattern in the Lule River (Fig. 11a ). Particulate organic carbon showed similar seasonal variations in both rivers (Table 2) , with slightly larger fluctuations during summer in the Lule River. Major POC peaks in the Kalix River were associated with increased river discharge and indicated re-suspension of the riverbed sediments and erosion of the river banks accommodating sediments usually rich in organic matter. Summer POC peaks are partially related to increased primary production in the river and connected lake systems. On contrary, the regulated river showed irregular POC pattern. The POC/TOC ratio suggests a larger portion of organic carbon in the Lule River to be in the particulate phase compared to the pristine Kalix River (Fig. 11b) . This possibly depends on unstable organic matter supply in the Lule River as a result of alternate disconnection of the river and the riparian zone due to varying river stages (see above). The pattern for PON was almost identical to that of POC in both rivers.
Particulate C/N ratios can be used to identify different sources of particulate organic matter in natural waters (Thurman 1985) . Allochthonous material is generally nitrogenpoor with higher C/N ratio compared to autochthonous organic matter. Thus, winter ratios are usually higher in natural boreal waters and lower during summer, which is consistent with the observed winter (above 10) and summer (about 8) values for the Kalix River. However, for the Lule River, the winter ratio was about 12 and the summer ratio oscillated between 10 and 17, suggesting that old particulate organic matter dominated in the river throughout the year, which is also supported by longer water residence time (Vonk et al. 2008 ) and the observed lack of suspended P originating from degradation of plankton in summer (Fig. 9c) . Thus, the Lule River has shifted from delivering mainly autochthonous organic matter in summer to allochthonous organic matter throughout the year. 4.7 River Transport of TOC, Fe, Mn, Si, Al, Ca, Mg, K and Particulate P The flow alterations in the Lule River are reflected in the modified annual and seasonal element transport in the river. The standard deviation of the calculated monthly averaged fluxes did not exceed 20 % of the total annual transport for the Kalix and 15 % for the Lule River, being the largest for suspended Al, Mg and K in both cases.
Higher specific transport of suspended Al and Si was observed in the Lule River than in the Kalix River (Fig. 12 ) which might be a result of higher shoreline erosion rates in the Lule River reservoirs (Humborg et al. 2002; Humborg et al. 2004) . A similar pattern was observed for Ca, Mg and K. In contrast, no clear difference between the rivers could be seen for specific transport of the filtered Si, being in good agreement with the study by Sferratore et al. (2008) . The Lule River showed lower transport of Fe in both phases, due to dilution of the groundwater winter input (Figs. 7b, 9a) . The larger specific transport of TOC in the Lule River than in the Kalix River was not consistent with the results obtained by Smedberg et al. (2009) . However, they did not include the basin area connected through the bifurcation junction and thus overestimated the specific TOC transport for the pristine Kalix River. The specific transport of dissolved Al, Mn, and suspended P and Mn were similar for the two rivers.
The major effect of the river regulation on element transport in the Lule River becomes obvious when different seasons are compared (Fig. 13) . The transport of TOC in the Lule River, expressed as % of total annual transport, was three times higher during winter and almost 20 % lower during spring flood than that in the Kalix River. Similar patterns, not always equally distinct, with larger fractions of winter transport in the Lule River, were found for suspended Mn, Si, Al and dissolved Si, Al, Ca, Mg and K. The resulting differences in seasonal transport would have been even larger if spring discharge in the Lule River was lower, i.e., closer to that of the normal year.
River regulation affects the chemical composition of the river water, which, in turn, influences the riverine and neighboring ecosystems. The shift in time when suspended matter, dissolved elements and nutrients are delivered to the Gulf of Bothnia poses a potential risk on the biogeochemical conditions and nutrient availability in the Gulf and in the river itself (e.g., Humborg et al. 2008) . The risk of biogeochemical alterations of the Gulf is enhanced due to the supply of older organic matter during the growing season, when a higher particulate C/N ratio prevails in the Lule River. Retention of suspended P in the reservoirs of the Lule River favors oligotrophic state of the Gulf of Bothnia. Provided that the findings for the Lule River are representative for other regulated rivers discharging into the Gulf of Bothnia, the combined change of total and seasonal delivery of nutrients to the Gulf of Bothnia may noticeably affect its biogeochemical status. Furthermore, the perturbed discharge pattern of the regulated river favors accumulation of fine material on the river bottom due to weak spring flushes (Blaschke et al. 2003) . The resulting colmation and reduction in connectivity between the river and the aquifer implies further alterations of the geochemistry of the river and the adjacent groundwater (Calles et al. 2007; Humborg et al. 2008 ).
Conclusions: Major Effects of River Regulation
Differences in the hydrogeochemical patterns between the regulated Lule River and the pristine Kalix River are mainly a result of the Lule River regulation. The following substantial alterations of the Lule River discharge and geochemistry were found:
1. Discharge (hydrological aspect): The runoff pattern has been changed drastically by storage of the water in the reservoirs, resulting in diminished spring peak and increased winter discharge. 2. General element concentrations: Less pronounced seasonal variations as a consequence of water storage in the reservoirs from different hydrological events and sources. 3. Element transport: The fraction of spring transport in the total river element transport was approximately halved in the Lule River compared to the Kalix River. Respectively, the portion of winter transport was up to three times larger. 4. Principal Component Analysis: PCA indicated that geochemical processes during early spring flood were similar in the two rivers, but differed significantly during the rest of the year. Geochemical signatures in the Lule River were homogenized over seasons compared to in the Kalix River. 48708  82862  22992  27449  37539  56598  2822  5302  4959  2750  3559  2968  9027  12452  4491  9600  64  67  252  302  699  1369  98  112  107  104  399  563  186  330  289  569   20   40   60   0   20   40   60 Lule Kalix Fig. 13 Bar diagrams of TOC, Mn, Fe, Si, Al, Ca, Mg, K and particulate P seasonal transport (% of total). Pie charts show the relation between total annual transport (t year -1 ) of the Lule (left part of the pie) and the Kalix Rivers (right). Seasons: spring-May-June, summer-July through October, winter-November through April significantly lower concentration at all times of the year, which is related to dilution of the groundwater component in the reservoirs and extended travel time favoring formation of Fe-oxyhydroxides. 6. Discharge (geochemical aspects): Irregular river discharge resulted in oscillating TOC concentrations, suggesting variable connectivity between the river and the primary source of TOC-the upper riparian zone. Further, variable concentrations of dissolved Si during winter suggested that the river water during that time represents a mixture of biogenic and non-biogenic Si sources, which is a result of long-term storage of water from different seasons and of different origins.
